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a b s t r a c t
We report on the complete characterization of S class gene segments of 12 newly isolated turkey arthritis
reoviruses (TARVs) and compare it with that of a turkey enteric reovirus (TERV). Phylogenetic analysis of
S2, S3 and S4 genome segments revealed grouping of all TARVs into two lineages while, on the basis of
S1 genome segment, only one lineage was found. All TARVs had 95–100% nucleotide identity based on
sigma C protein sequences (S1 segment) but varied from 90–100%, 88.9–100% and 88.7–100% on the
basis of S2, S3, and S4 genome segments, respectively. Point mutations as well as possible re-
assortments were observed in TARVs throughout the S class indicating the need for extensive
epidemiological studies on these viruses in hatcheries and commercial farms, which would be useful
in determining virus variation in the ﬁeld.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Avian reoviruses (ARVs) belong to the family Reoviridae under
genus Orthoreovirus. The ARVs are non-enveloped, double-stranded
RNA viruses with icosahedral symmetry and a particle size of 70–
80 nm (Varela and Benavente, 1994). As opposed to mammalian
reoviruses, the ARVs are fusogenic with the ability to cause fusion of
infected cells resulting in multinucleated syncytia formation
(Benavente and Martinez-Costas, 2007). The viral genome consists
of 10 segments that are divided into three classes namely large (L),
medium (M), and small (S), depending on their migration pattern
on polyacrylamide gel electrophoresis (Benavente and Martinez-
Costas, 2007; Varela and Benavente, 1994). The L and M genes are
further subdivided into three segments each (L1, L2, L3 and M1, M2,
M3, respectively) while the S gene has four segments (S1, S2, S3, S4;
Spandidos and Graham, 1976).
The ARV genome has 12 open reading frames (ORFs), which
encode for eight structural and four non-structural proteins. The
structural proteins are an important part of progeny virions while
non-structural proteins are expressed only in infected cells
(Martinez-Costas et al., 1997). The proteins encoded by L, M and
S genes are lambda (λ), mu (m) and sigma (σ), respectively. Three
structural proteins λA, λB and λC are encoded by L gene segments
L1, L2, and L3, respectively. M1 and M2 segments encode two
structural proteins (mA and mB) while M3 segment encodes a non-
structural protein (mNS). The three σ proteins σC, σA, σB are
encoded by the S1, S2, S3 segments, respectively, while the S4
segment encodes for non-structural protein σNS (Varela and
Benavente, 1994; Varela et al., 1996). The S1 segment encodes for
two additional non-structural proteins; p10 and p17 (Bodelon
et al., 2002; Shmulevitz et al., 2002). The σC protein encoded by
S1 gene possesses both type and broad speciﬁc epitopes while σB
protein, which is a major outer capsid protein encoded by S3 gene,
has group-speciﬁc neutralizing epitope (Wickramasinghe et al.,
1993). The σA protein is responsible for double-stranded RNA
(dsRNA) binding and resistance to interferon. The non-structural
protein σNS (encoded by S4 gene) is responsible for single-
stranded RNA (ssRNA) binding (Martinez-Costas et al., 2000; Yin
and Lee, 1998).
ARVs are ubiquitous in domestic poultry with 85–90% of them
being non-pathogenic (Jones, 2000). Of the diseases caused by
ARVs, viral arthritis/tenosynovitis in chickens is the most common
but respiratory disease, immunosuppression and enteric disease
can also occur (Rosenberger, 2003). Turkey reoviruses (also called
turkey enteric reoviruses or TERVs) have been detected in
the gastrointestinal tracts of both healthy and enteritic turkeys.
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The TERVs form a distinct group within the Reoviridae family
based on the genetic analysis of S1, S3 and/or S4 genome segments
(Day et al., 2007; Jindal et al., 2010a; Pantin-Jackwood et al., 2008).
Recently, we isolated reoviruses from cases of arthritis and
lameness in tom turkeys and partially characterized them on the
basis of their S4 genome segment (Mor et al., 2013). To differ-
entiate these viruses from TERVs, we have named them as turkey
arthritis reoviruses (TARVs). In the early 1980s, reoviruses were
detected in arthritic turkeys (Levisohn et al., 1980; Page et al.,
1982) without any further reports on the occurrence of these
viruses. Recently, we conducted an experimental study in turkey
poults using TARVs and TERV isolates; only TARVs were able to
produce tenosynovitis in turkey poults when inoculated orally at
2 weeks of age (Sharafeldin et al., 2014). In the ﬁeld, TERVs have
been detected in both enteritis-affected and apparently healthy
turkey poults for several years (Jindal et al., 2010a, 2010b; Pantin-
Jackwood et al., 2008) but the problem of lameness in turkeys was
not observed until recently in late 2009. Based on this information,
we hypothesized that TARVs are genetically different from TERVs.
In addition, new variants of chicken reovirus (CRV) causing
lameness and arthritis in commercial broilers at the age of 2.5–8
weeks have been reported in Europe and North America since
2011 (Rosenberger et al., 2013a; Sellers et al., 2013; Troxler et al.,
2013). Hence we undertook this study to characterize TARV
isolates based on their S class genome segments and to compare
them with CRVs and TERVs.
Results
The sequences of different S class genome segments of 12
TARVs and one TERV were analyzed and compared with those of
TERVs and with reoviruses of chicken, duck and goose (CRV, DRV,
and GRV, respectively).
Analysis of S1 gene segment
Based on p10 (100aa, 300nt; ORF1) sequences of S1 gene, all
TARVs from this study grouped together in lineage I with 97–100%
nucleotide (nt) and 97–100% amino acid (aa) identity with each
other (Table 1). The TERVs, however, formed three distinct
lineages. Within lineage I, some TERVs (TERV-MN1, NC/98, NC/
SEP-R108 and NC/SEP-R61) had 93.0–97.0% and 92.0–97.0% nt and
aa identity, respectively, with TARVs. Lineage II TERVs (TX 98, TX99
and PEMS/85) which had 87.5–90.5% nt and 87.0–90.5% aa identity
with TARVs while lineage III TERVs (NC/SEP-R044) had only 61.8–
64.0% and 54.0–56.4% nt and aa identity with TARVs. The CRV,
DRV, and GRV had only 70.0–72.5% (74.0–76% aa), 48.8–50.0%
(32.6–33.7% aa) and 34.0–35.0% (32.6–33.7% aa) nt identity with
TARVs, respectively (Table 1).
The aa 1-22 at NH2-terminal region of p10 had four amino acid
substitutions (L2S, M4P, P5S, P6S) in TARVs and TERVs as com-
pared to reference strain of CRV. Insertions and substitutions of
amino acids were also observed in TARVs and TERVs when
compared to CRV reference strain. The predicted transmembrane
motif in TARVs and TERVs was 44-YL(A/V)(A/V)GGGVLLLLIVVVA-
VIY-63 as compared to 44-YLAAGGGFLLIVIIFALLY-62 in CRV. Five
TARVs (TARV-MN2, TARV-MN4, TARV-MN5, TARV-MN6 and TARV-
MN7) had V instead of A at the third position (46) of this motif and
the remaining seven TARVs had A at this position. In addition
TARV-MN6 had V at aa position 47 instead of A in the remaining 11
TARVs. There was an insertion of V at aa position 51 of this motif in
all TARVs, TERV-MN1, and two of seven previously published
TERVs (NC/98 and NC/SEP-R61). The ﬁve remaining TERVs had
insertion of I instead of V.
Sequence analysis of ORF p17 (151aa, 453nt; ORF2) also gave
almost the same tree topology and per cent identities as p10
(Table 1). However, the nuclear localization signal (NLS) motif in
p17 of TARVs had different amino acid composition (119-
VTAKRSRG(I/V)D-128) as compared to CRV reference strain (119-
IAAKRGRQLD-128).
Based on ORF3 (σC; 326aa and 981nt) of S1 gene, the TARVs
and TERV-MN1 grouped in lineage I. Previously published TERVs
were again divided into three lineages but with more sequence
divergences within and between lineages (Table 1). Lineage I
contained all TARVs with 93.3–100% nt and 93–100% aa identity.
TARVs and TERVs in lineage I were further divided into ﬁve groups
based on criteria of more than 2% nt divergence: group 1 included
nine TARVs, group 2 had TERV-MN1, group 3 had TARV-MN4,
group 4 had TARV-MN5 and TARV-MN6, and group 5 included
three previously published TERVs (NC/SEP-R61, NC/98, NC/SEP/
R108) (Fig. 6A). TERV-MN1 (group 2) had a minimum of 2% aa
divergence from all TARVs with three aa substitutions (N69D,
Q122R, N236S). One aa substitution (D41G) was found only in
TARV-MN4.
We observed some aa substitutions only in certain isolates
from a particular state such as TARV-MN6 isolate from North
Carolina had seven amino acid substitutions (K66E, S71T, G94S,
K132Q, S141N, D215E and A245T) while South Dakota isolate
(TARV-MN7) had four aa substitutions (C27G, V38A, G52S,
Table 1
Per cent identity of TARVs with other reoviruses based on complete S class gene sequences.
Viruses Per cent identity of TARVs
S1 S2 S3 S4
p10 p17 σ C
TARVs nta 97.0–100 (n¼12) 95.0–100 (n¼12) 93.3–100 (n¼12) 90.1–100 (n¼12) 88.9–100 (n¼12) 88.7–100 (n¼12)
aab 97.0–100 96.0–100 93.0–100 96.0–100 95.0–100 97.3–100
TERVs nt 61.8–97.0 (n¼8) 47.0–97.0 (n¼7) 40.2–95.5 (n¼7) 40.6–100 (n¼2) 88.0–100 (n¼33) 88.7–100 (n¼31)
aa 54.0–97.0 31.3–99.0 32.3–97.3 35.0–97.0 95.0–100 97.0–100
CRVs nt 70.0–72.5 (n¼31) 62.8–64.4 (n¼8) 55.6–56.4 (n¼8) 86.8–91.4 (n¼9) 68.2–72.2 (n¼20) 77.4–79.8 (n¼31)
aa 74.0–76.0 60.0–62.6 50.0–52.0 95.2–97.6 76.0–79.8 91.0–92.0
DRVs nt 48.8–50.0 (n¼5) 36.5–37.4 (n¼2) 42.8–43.6 (n¼1) 72.6–75.0 (n¼1) 59.8–60.5 (n¼3) 75.0–76.6 (n¼2)
aa 32.6–33.7 41.6–42.7 28.2 90.8–91.7 59.5–60.5 90.5–91.2
GRV nt 34.0–35.0 (n¼2) 38.3–40.5 (n¼1) 42.0–42.5 (n¼1) 72.8–74.0 (n¼1) 59.7–60.3 (n¼1) 75.7-76.3 (n¼2)
aa 32.6–33.7 41.6–42.7 28.2 90.2–91.7 58.4–59.7 91.2–92.0
TARV¼turkey arthritis reovirus; TERV¼turkey enteric reovirus; CRV¼chicken reovirus; DRV¼duck reovirus; GRV¼goose reovirus.
n¼number of sequences used for calculating per cent identity.
a nt¼nucleotide.
b aa¼amino acid.
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Fig. 1. Phylogenetic analysis on the basis of nucleotide sequences (981bp) of S1 genome segment (σC protein). Tree was constructed using Maximum Likelihood method
with General Time Reversible model. A discrete Gamma distribution was used to model evolutionary rate differences among sites (5 categories, þG parameter¼2.4686). The
rate variation model allowed for sites to be invariable (þ I). The strain names (with accession numbers) in bold are of this study while the strain name (with accession
number) unbold are previously published orthoreoviruses used for comparison.
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A245V). The Iowa isolate (TARV-MN10) had nine aa substitutions
(S26N, L40I, D41K, T43N, L46W, L47V, S50Y, A60D, L65I), which
were found only in the starting 1-70 aa region of σC. The
previously published TERVs in lineage I (NC/98, NC/SEP-R108 and
NC/SEP-R61) had 92.0–95.5% nt identity (93.0–95.7% aa) with
TARVs. Three previously published TERVs (TX 98, TX99 and
PEMS/85; Fig. 1) of lineage II had 82.0–87.0% nt and 83.0–87.0%
aa identity with TARVs. Lineage III included one previously
reported TERV (NC/SEP-R44), which had 40.2–44.6% nt and 32.3–
33.2% aa identity with lineage I and II sequences. The CRV, DRV,
and GRV sequences had 55.6–56.4%, 42.8–43.6% and 42.0–42.5% nt
identity, respectively (Table 1).
The σC protein contained three conserved motifs, 221-
AHCHGRRTDYMMS-233, 273-ASFPVDVSF-281 and 319-LTVRTGIDT-
327 in all TARVs, all TERVs (except NC/SEP-R44), and CRVs. Most
of the variations occurred from position 40 to 130 aa (Fig. 2). At
position 16 to 155 of the reference CRV strain, we found heptapep-
tide repeat pattern in all TARVs with a polar amino acids at positions
a and d of the heptad.
Analysis of S2 gene segment
Based on 1180 nt of S2 gene segment, TARVs were divided into
two lineages (Fig. 3 and Fig. 6B). Lineage I included all TARVs
(except TARV-MN9 and TARV-MN10) and TERV-MN1with 98.4–
100% nt and 99.2–100% aa identity. Lineage II had TARV-MN9,
TARV-MN10 and a previously published TERV isolate Muntrilj 06
(FJ606766) and had 90.1–91.3% nt and 96.0–97.0% aa identity with
lineage I sequences. The CRV, DRV, and GRV had 86.8–91.4%, 72.6–
75.0% and 72.8–74.0% nt identity, respectively, with all TARVs
(Table 1). Four aa substitutions (I45L, V52A, A106T, I225V) were
observed in TARV-MN9 and TARV-MN10, which makes these
isolates divergent from lineage I TARVs. The sequence of epitope
II motif in σA protein was different (QWVVAGLVSAT/A) in all
TARVs as compared to that in the reference strain of CRV (340-
QWVMAGLVSAA-350). All TARVs had V at the fourth position (343)
instead of M while four TARVs (TARV-Crestview, TARV-O’Neil,
TARV-MN1 and TARV-MN3) had T instead of A at the last position
(350) of this motif.
Analysis of S3 gene segment
The S3 gene sequence analysis on the basis of 1000 nt divided
all TARVs, TERV-MN1 and previously published TERVs into two
lineages (Fig. 4 and Fig. 6C). Lineage I included 11 TARVs (except
TARV-MN4) along with previously published TERVs from healthy
and enteritis-affected poults from Minnesota and other states in
the US. Within lineage I, all 11 TARVs, TERV-MN1 and previously
published TERVs had 92.0–100% nt identity with each other.
Within lineage I, TARVs and TERVs were further clustered into
six different groups (Groups 1–6). Group 1 included seven TARVs,
TERV-MN1, 12 previously published TERVs from apparently
healthy turkey poults (TK/MN/B-AB16/2008, TK/MN/B-AB18/
2008, TK/MN/B-AB19/2008, TK/MN/B-AB20/2008, TK/MN/B-
AB21/2008, TK/MN/B-AB22/2008, TK/MN/B-AB23/2008, TK/MN/
B-AB24/2008, TK/MN/B-AB25/2008, TK/MN/B-AB26/2008, TK/
MN/B-AB27/2008, TK/MN/B-AB29/2008), and three TERVs from
enteritis-affected poults (TK/MN/D-AB14/2011, TK/MN/D-AB15/
2011, TK/MN/D-AB06/2008) in Minnesota. Group 2 included
TARV-MN5, TARV-MN6 and one previously published TERV (NC/
SEP-R44). Groups 3, 5 and 6 included previously published TERVs
while group 4 included two TARVs of this study (TARV-MN9 and
TARV-MN10; Fig. 6C). Lineage II included TARV-MN4 and pre-
viously published TERV strains (TK/MN/D-AB01/2007, TK/MN/D-
AB04/2008, TK/MN/D-AB08/2008, TK/MN/D-AB10/2009, TK/MN/
D-AB11/2010, TK/MN/D-AB12/2010, and TK/MN/D-AB13/2010)
from enteritis-affected turkey poults in Minnesota. Lineage II
sequences had 88.9–90.0% nt and 95.0–95.3% aa identity with
lineage I sequences. The CRV, DRV, and GRV had 68.2–72.2%, 59.8–
60.5% and 59.7–60.3% nt identity, respectively, with TARVs
(Table 1).
Fig. 2. Image of amino acid sequence comparison of σC protein of turkey arthritis virus with previously published orthoreoviruses of chicken and turkey origin. Each color
represents a speciﬁc amino acid while amino acids in gray match the consensus amino acid. In the consensus histogram, the dark green regions (peaks) represent conserved
residues while the red regions (valleys) represent divergent amino acids.
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Fig. 3. Phylogenetic analysis on the basis of nucleotide sequences (1180bp) of S2 genome segment. Phylogenetic tree was constructed using Maximum Likelihood method
based on Kimura 2-parameter model. A discrete Gamma distribution was used to model evolutionary rate differences among sites (5 categories, þG parameter¼0.5720). The
strain names (with accession numbers) in bold are of this study while the strain name (with accession number) unbold are previously published orthoreoviruses used for
comparison.
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Fig. 4. Phylogenetic analysis on the basis of nucleotide sequences (1000bp) of S3
genome segment. Phylogenetic tree was constructed using Maximum Likelihood
method based on Kimura 2-parameter model. A discrete Gamma distribution was
used to model evolutionary rate differences among sites (5 categories, þG
parameter¼0.9665). The strain names (with accession numbers) in bold are of
this study while the strain name (with accession number) unbold are previously
published orthoreoviruses used for comparison.
Fig. 5. Phylogenetic analysis on the basis of nucleotide sequences (950bp) of S4 genome
segment. Phylogenetic tree was constructed by using Maximum Likelihood method
based on Hasegawa–Kishino–Yano (HKY) model. A discrete Gamma distribution was
used to model evolutionary rate differences among sites (5 categories, þG para-
meter¼0.2606). The strain names (with accession numbers) in bold are of this study
while the strain name (with accession number) unbold are previously published
orthoreoviruses used for comparison.
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Fig. 6. Possible reassortment within TARVs and in between TARVs and TERVs represented with phylogenetic trees based on nucleotide sequences of the S class gene
segments [S1(σC;A), S2 (B), S3 (C), and S4 (D)]. The strain names (with accession numbers) in bold are of this study while the strain name (with accession number) unbold
are previously published orthoreoviruses used for comparison.
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On comparing σB protein sequences we found nine C and H
residues from aa position 38 to 76. Random amino acid substitu-
tions were observed throughout the σB protein in all TARVs and
TERVs but three amino acid substitutions (I100V, R138S, and
Q146R) were observed only in lineage II sequences. A conserved
CHCC zinc binding motif was also present from amino acid
positions 51–75 similar to that in CRVs except three substitutions
(T61A, L62P, and A64S) in all TARVs and TERVs. At position 69, we
found substitution of Y to H in three TARVs (TARV-Crestview,
TARV-O’Neil, TARV-MN1) and Y to C in two TARVs (TARV-MN5,
TARV-MN6), respectively. At C-terminus of σB, a basic aa motif
KKVSHYR (from 287–293 aa position in reference strain) was
observed in all TARVs and TERVs. Within this motif, all TARVs
and TERVs had V at position 289 while all CRVs used for
comparison had A at this position.
Analysis of S4 gene segment
Phylogenetic analysis based on 950 nt of S4 gene divided
TARVs, TERV-MN1 and previously published TERVs into three
lineages (Fig. 5 and Fig. 6D). Lineage I included all TARVs (except
TARV-MN4),14 TERVs (TK/MN/B1016/08, TK/MN/B1038/08, TK/
MN/B1040/08, TK/MN/B2013/08, TK/MN/B2014/08, TK/MN/
B2015/08, TK/MN/B2016/08, TK/MN/B2021/08, TK/MN/B2022/08,
TK/MN/B2024/08, TK/MN/B2028/08, TK/MN/B3030/08, TK/MN/
B3033/08, TK/MN/B4016/08) from healthy poults and ﬁve TERVs
(TK/MN/D-049007/07, TK/MN/D-000818/08, TK/MN/D-022565/08,
TK/MN/D-048814/08, TK/MN/D-055431/08) from enteritic turkeys
with 96.8–100% nt and 97.7–100% aa identity with each other. In
lineage I, all sequences were divided into six groups: group
1 included 10 TARVs (except TARV-MN4, TARV-MN5) and two
TERVs (TK/MN/D-048814/08, TK/MN/D-055431/08) from enteritis-
affected poults in Minnesota while TARV-MN5 clustered with a
TERV (TK/MN/B4016/08) in group 3. TERV-MN1 clustered into
group 2 along with 10 previously published TERVs from appar-
ently healthy poults in Minnesota. Groups 4, 5 and 6 included
TERVs from Minnesota and other states in the US (Fig. 6D). Lineage
II had TARV-MN4 and two previously reported TERVs from
Wisconsin (WI/SEP-847/05) and Minnesota (TK/MN/D-052725/
07). Lineage II sequences had 88.7–90.2% nt and 97.3–97.5% aa
identity with those of lineage I and III. Lineage III contained TERVs
from apparently healthy poults from North Carolina and Missouri;
they had 89–92.5% nt identity with lineage I and II sequences. The
CRV, DRV, and GRV had 77.4–79.8%, 75.0–76.6% and 75.7–76.3% nt
identity with TARVs, respectively (Table 1). A conserved motif
MLDMVDGRP (aa180-188 of CRV S1133), which is considered as
epitope B on σNS, was present in all TARVs and TERVs. TERVs of
lineage II had one substitution (M to I) at position 183.
Possible reassortment
Random point mutations were observed across the S class gene
segments in TARVs. Phylogenetic trees of all four S class gene
segments were analyzed to test the possibility of reassortment.
TARVs separated into lineages I and II in S2, S3 and S4 gene
segments’ phylogeny and grouped together in lineage I in σC
phylogeny. However, within lineage I, TARVs and TERVs were
further divided into different groups such as ﬁve groups in σC
and six each in S3 and S4 gene segments (Fig. 6 and Table 2).
Interestingly, TERV isolate (NC/SEP-R44), which formed lineage III
in σC, was grouped together with TARV-MN5 and TARV-MN6 in
group 2 of lineage I in S3 gene segment. TARV-Crestview, TARV-
O’Neil, TARV-MN1 were in the same group and lineage in all four
gene segments. Three TARVs (TARV-MN5 and TARV-MN6) clus-
tered in the same group in S1, S2 and S3 phylogeny but were
divided into two different groups in S4 gene segment phylogeny.
TARV-MN4 grouped with lineage I TARVs in σC and S2 phylogeny
but formed lineage II with TERVs in S3 and S4 gene segments.
TERVs in lineages I and II in S3 gene formed different groups in
lineages I, II and III in sigma C (Fig. 6 and Table 2).
Comparison of TARVs based on hatchery source
All TARVs and TERV were isolated from commercial turkeys and
not from breeder ﬂock. However, when we traced back hatchery
source of these TARV-infected birds, it was found that the source
only two hatcheries (Hatchery A and B). The maximum number of
isolates (n¼10) were from hatchery A but had been isolated over a
3-year period (2011–2013) (Table S2). Six of 10 TARVs were
isolated in 2011, one in 2012 and three in 2013. All 10 isolates
related to hatchery A were isolated from four different states with
maximum number from Minnesota. Two isolates were from
hatchery B and the birds for these two isolates belonged to two
different states and two different age groups. The maximum aa
substitutions among TARVs from the same hatchery as well as
TARVs from different hatcheries was observed in σC followed by
σB protein. TERV-MN1 was related to hatchery B and was isolated
from 4-week-old turkey poults suffering from enteritis. Both
TARVs and one TERV of hatchery B had some unique aa substitu-
tions indicating importance of point mutation between different
pathotypes of the same hatchery source.
Genotype versus pathotype
Geographical and temporal analysis of TARVs with TERVs was
performed; aa substitutions were observed among isolates from
different states and time of isolation (Table S2). We also found aa
substitutions among TARVs isolated from different age groups of
affected birds (Table S2). There was no distinction of genetic
lineages based on pathotypes (enteritis or arthritis) since different
pathotypes of TERVs and TARVs grouped together in different
lineages of S class gene segments.
Discussion
The problem of lameness and arthritis caused by TARVs
appears to be re-emerging in U.S. turkeys (Mor et al., 2013); the
disease has been seen in the upper Midwest since late 2009 after
its initial reports in the 1980s and 1990s (Al Afaleq and Jones, 1989,
1991; Levisohn et al., 1980). At about the same time, new variants
of CRV causing lameness in commercial broilers were reported in
Europe and North America. Some of these variants are genetically
different from previously reported CRVs making the commonly
used commercial reovirus vaccines ineffective (Rosenberger et al.,
2013a; Sellers et al., 2013; Troxler et al., 2013). This study was
undertaken to characterize the S class gene segments of TARVs and
to compare them with those of CRVs and TERVs.
Based on amino acid and nucleotide sequence alignment of the
S1, S2, S3 and S4 gene segments, all TARVs grouped differently
from CRVs, DRVs and GRVs although TARVs were related to CRVs
followed by DRVs and GRVs based on S2 gene phylogeny. The
criteria developed by the International Committee on Taxonomy of
Viruses (ICTV) for species demarcation include nucleotide identity
475% within species versus o60% between species (King et al.,
2012). The amino acid identity for species demarcation for con-
served core proteins includes 485% identity within species and
o65% between species. For divergent outer capsid proteins it
should be 455% identity within a species and o35% between
species. Based on these criteria, all TARVs and TERVs grouped
together under genus Orthoreovirus in the family Orthoreoviridae
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Table 2
Lineages of TARVs and TERVs indicating possible re-assortments.
Isolate/strain name Isolation source State/country Year of isolation Lineages in S class genome segments
S1a S2 S3a S4a
TARV-Crestview Tendon Minnesota 2011 I(1) I I(1) I(1)
TARV-O’Neil Tendon Minnesota 2011 I(1) I I(1) I(1)
TARV-MN1 Tendon Minnesota 2011 I(1) I I(1) I(1)
TARV-MN2 Tendon Minnesota 2011 I(1) I I(1) I(1)
TARV-MN3 Tendon Minnesota 2011 I(1) I I(1) I(1)
TARV-MN4 Tendon Minnesota 2011 I(3) I II II
TARV-MN5 Tendon Wisconsin 2011 I(4) I I(2) I(3)
TARV-MN6 Tendon North Carolina 2011 I(4) I I(2) I(1)
TARV-MN7 Tendon South Dakota 2012 I(1) I I(1) I(1)
TARV-MN8 Tendon Minnesota 2013 I(1) I I(1) I(1)
TARV-MN9 Tendon Minnesota 2013 I(1) II I(4) I(1)
TARV-MN10 Tendon Iowa 2013 I(1) II I(4) I(1)
TERVs
TERV-MN1 Feces Minnesota 2011 I(2) I I(1) I(2)
CA-SEP-N605 Feces California 2008 – – – I
MN-B-AB14 Feces Minnesota 2008 – – I(1) –
MN-B-AB15 Feces Minnesota 2008 – – I(1) –
MN-B-AB16 Feces Minnesota 2008 – – I(1) –
MN-B-AB18 Feces Minnesota 2008 – – I(1) –
MN-B-AB19 Feces Minnesota 2008 – – I(1) –
MN-B-AB20 Feces Minnesota 2008 – – I(1) –
MN-B-AB21 Feces Minnesota 2008 – – I(1) –
MN-B-AB22 Feces Minnesota 2008 – – I(1) –
MN-B-AB23 Feces Minnesota 2008 – – I(1) –
MN-B-AB24 Feces Minnesota 2008 – – I(1) –
MN-B-AB25 Feces Minnesota 2008 – – I(1) –
MN-B-AB26 Feces Minnesota 2008 – – I(1) –
MN-B-AB27 Feces Minnesota 2008 – – I(1) –
MN-B-AB28 Feces Minnesota 2008 – – I(3) –
MN-B-AB29 Feces Minnesota 2008 – – I(1) –
MN-D-AB01 Feces Minnesota 2007 – – II –
MN-D-AB02 Feces Minnesota 2007 – – I(3) –
MN-D-AB03 Feces Minnesota 2007 – – I(3) –
MN-D-AB04 Feces Minnesota 2008 – – II –
MN-D-AB05 Feces Minnesota 2008 – – I(3) –
MN-D-AB06 Feces Minnesota 2008 – – I(1) –
MN-D-AB08 Feces Minnesota 2008 – – II –
MN-D-AB10 Feces Minnesota 2009 – – II –
MN-D-AB11 Feces Minnesota 2010 – – II –
MN-D-AB12 Feces Minnesota 2010 – – II –
MN-D-AB13 Feces Minnesota 2010 – – II –
MN-D-AB15 Feces Minnesota 2011 – – I(1) –
MN-B4016 Feces Minnesota 2008 – – – I(3)
MN-B1016 Feces Minnesota 2008 – – – I(5)
MN-B2024 Feces Minnesota 2008 – – – I(2)
MN-B2028 Feces Minnesota 2008 – – – I(5)
MN-B2013 Feces Minnesota 2008 – – – I(2)
MN-B2022 Feces Minnesota 2008 – – – I(2)
MN-B2014 Feces Minnesota 2008 – – – I(2)
MN-D052725 Feces Minnesota 2007 – – – II
MN-D022565 Feces Minnesota 2008 – – – I(5)
MN-D000818 Feces Minnesota 2000 – – – I(4)
MN-D049007 Feces Minnesota 2007 – – – I(4)
MN-D055431 Feces Minnesota 2008 – – – I(1)
MO-SEP-816 Feces Missouri 2005 – – – III
MO-SEP-819 Feces Missouri 2005 – – – III
MO-SEP-828 Feces Missouri 2005 – – – I(5)
NC-SEP-R61-03 Feces North Carolina 2003 I(5) – – –
NC-98 Feces North Carolina 1998 I(5) – I(5) –
NC-SEP-R108-03 Feces North Carolina 2003 I(5) – – –
NC-PEMS-85 Feces North Carolina 1985 II – I(5) –
NC-SEP-R44-03 Feces North Carolina 2003 III – I(2) –
NC-SEP-832 Feces North Carolina 2005 – – – III
NC-SEP-833 Feces North Carolina 2005 – – – III
NC-SEP-835 Feces North Carolina 2005 – – – III
TX-98 Feces Texas 1998 II – I(5) –
TX-99 Feces Texas 1999 II – I(6) –
WI-SEP-847 Feces Wisconsin 2005 – – – II
ATCC-TEV-VR-818 Feces North Carolina 1972 – – I(6) –
BF bursa of Fabricius Brazil – – – III –
Muntrilj06 Feces Croatia 2007 – II – –
(–) indicates that sequence of the particular segment is not available for comparison.
TARV¼Turkey arthritis reovirus; TERV¼Turkey enteric reovirus.
a Possible groups of lineage I TARVs and TERVs are shown in bracket.
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but formed a different group from other avian reoviruses (CRV,
DRV, and GRV).
The maximum nt divergence in S3 and S4 gene segments of
TARVs followed by S1 gene (σC) and maximum aa divergence in
σC protein followed by S3 and S4 gene segments (Table 1)
indicated higher non-synonymous changes than synonymous
changes (Table 1). In chickens Liu et al. (2003) reported maximum
aa divergence of 53% in σC protein of CRVs. Sellers et al. (2013)
reported two groups (groups 1 and 2) of new variants of CRVs
based on σC protein with o50% aa similarity between the two
groups. Troxler et al. (2013) characterized new variants of CRV
causing lameness and tenosynovitis in free range and commercial
broilers in France and reported three groups of new variants of
CRVs based on σC protein. The possible reasons for lower diver-
gence in TARVs could be: (i) eight of the 12 TARVs (six were from
Minnesota, one from North Carolina and one from Wisconsin)
were isolated during the onset of disease problem in 2011, (ii) all
TARVs originated from two different hatcheries; 10 of these were
isolated from different commercial turkey ﬂocks from 2011 to 2013
in which the poults originated from a single hatchery (hatchery A)
making it possible that we isolated similar types of strains at that
time point. However, the 2012 and 2013 isolates were from
different breeder ﬂocks of hatchery A and (iii) the virus is a newly
emerging pathogen and has not gone through selective pressure.
We found maximum aa substitutions in σC followed by σB protein
between TARVs from same or different hatcheries (Table S2). This
indicated that isolates from the same hatchery source were closely
related but some divergence occurred over time, age and location
of affected ﬂocks.
We found random aa substitutions throughout the S class but
did not ﬁnd any speciﬁc sequence motif that could differentiate
TARVs from TERVs. Jindal et al. (2014) found a total of 35 aa
substitutions in σB protein of which 22 and four were observed in
TERVs from enteritis-affected and apparently healthy poults in
Minnesota, respectively, and the remaining were observed in both
types of ﬂocks. Further studies are necessary to determine if these
aa substitutions have any role in tissue tropism and pathogenicity
of the virus. We did ﬁnd conserved motifs (speciﬁcally in σC
protein, Fig. 2) in all S class segments across different avian
reovirus species indicating the possibility of developing a universal
vaccine.
Reassortment and point mutations are common among seg-
mented dsRNA viruses. All TARVs and TERVs were mainly divided
into lineages and groups within lineages in different S gene
segments (Fig. 6 and Table 2) indicating the possibility of reassort-
ment among TARVs as well as between TARVs and TERVs. Liu et al.
(2003) reported reassortment among CRVs and concluded that
each lineage of S class genome segment consisted of a mixture of
different pathotypes of CRVs (enteritis vs arthritis). They further
surmised that co-evolution of different pathotypes of CRVs may
have occurred. Bányai et al. (2011) suggested that multiple
reassortments and strong divergence were likely reasons for
genetic heterogeneity in AVS-B strain of CRV.
Clustering pattern of turkey reoviruses in this study suggests
that co-evolution of different pathotypes of turkey reoviruses may
have occurred. The occurrence of TERVs in apparently healthy
turkey ﬂocks is well known (Jindal et al., 2010b; Pantin-Jackwood
et al., 2008). If such ﬂocks are infected with a TARV at some point,
it may lead to exchange of genetic material thereby increasing the
chances of reassortment. This is particularly true in breeder or
layer ﬂocks where birds are kept for a longer period of time and
the viruses have enough time to undergo mutation and reassor-
ment. Co-infection with different viral strains is one method by
which new strains emerge. In an experimental study, Ni and Kemp
(1992) co-infected chicken embryo ﬁbroblasts with ARV strain 883
and one of the three ARV strains (176, S-1133, and 81-5) and found
that the selection of genome segments in co-infection was virus
strain speciﬁc.
In a comparative pathogenicity study, we found that TARV-O’Neil
was the most pathogenic followed by TARV-MN2 and TARV-MN4
(Sharafeldin et al., 2014). However, we were not able to differentiate
these different pathotypes on the basis of their genetic lineages. Our
ﬁndings are consistent with those of Kant et al. (2003) who also did
not ﬁnd any correlation between genotypes, serotypes and patho-
types of different ARV strains. However, the divergence and cluster-
ing pattern of different S-class segments revealed that there may be
involvement of multiple genes in pathology and serology as has
been opined by Guo et al. (2012).
Compared to 11 serotypes of CRVs, TARVs have only a single
serotype so far (Rosenberger et al., 2013b). Based on S class
genome segments we also found fewer genetic variations in TARVs
as compared to those in CRVs further reinforcing the notion that
TARVs are probably newly emerging or re-emerging reoviruses.
Surveillance studies on types of reoviruses circulating in breeder
and commercial poults in different geographical areas are indi-
cated to determine the source of these newly re-emerging
pathogens.
To the best of our knowledge this is the ﬁrst report on
characterization of TARVs and TERV based on complete S class
genome segments. The results indicate the presence of point
mutations at nucleotide and amino acid levels as well as possible
reassortments but not as high as in CRVs. We found more
divergence within TARVs in the S1 and S3 genome segments and
hence these two segments deserve more scrutiny for characteriza-
tion of new reovirus isolates. Future studies should be conducted
on survival of infection and viral persistence as well as correlation
of mutations with pathogenicity. Viral pathogenesis studies using
different passages of the same viral isolates should be conducted
to determine association of mutations in viral proteins with
virulence. Recent reports on new variants of CRVs are alarming
and indicate a strong need for continuing surveillance, epidemio-
logical, and genetic studies on these viruses.
Materials and methods
Virus isolates
A total of 12 isolates of TARVs were used in this study; ten were
isolated in our laboratory from lame turkeys at the age of 5–18
weeks and two isolates (TARV-O’Neil and TARV-Crestview) were
obtained from Dr. Jack Rosenberger of AviServe, who also isolated
them from cases of turkey lameness. Of the 10 isolates from our
laboratory, ﬁve (TARV-MN1, TARV-MN2, TARV-MN3, TARV-MN4,
and TARV-MN5) have been partially characterized based on their
S4 gene (Mor et al., 2013). Five newer isolates included in this
study are: TARV-MN6, TARV-MN7, TARV-MN8, TARV-MN9, and
TARV-MN10. One TERV isolate from our lab (TERV-MN1) was also
used. All 13 viruses were isolated and propagated in QT-35 cells as
described previously (Mor et al., 2013).
RNA extraction and RT-PCR
Cell culture supernatants from infected QT-35 cells were used for
RNA extraction using a QIAamp viral RNA mini kit (Qiagen, Valencia,
CA). Primers were designed mainly from 50 and 30 UTR regions by
aligning with available sequences for CRVs and TERVs (Table S1). All
RT-PCR reactions were carried out using Qiagen One step RT-PCR kit
(Qiagen, Valencia, CA). The reactions (50 ml volume) were run in an
Eppendorf thermocycler for 30 min at 50 1C and 15 min at 95 1C (RT
step) followed by 35 PCR cycles with denaturation at 94 1C for
1 min, annealing at respective temperatures for each primer for
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1 min, and elongation at 72 1C for 1 min (Table S1). Final elongation
was done at 72 1C for 10 min. PCR products were visualized on 1.2%
agarose gel in Tris–acetate–EDTA buffer by electrophoresis and the
appearance of a speciﬁc band of expected size conﬁrmed the
ampliﬁcation.
Sequencing
The ampliﬁed PCR products were puriﬁed using Qiagen PCR
puriﬁcation kit and then sequenced at the University of Minnesota
Genomic Center (UMGC). The sequencing was done in both
directions using the same primers as used in RT-PCR reactions.
Forward and reverse sequences were aligned together using
Sequencher 5.1software (www.genecodes.com) followed by BLAST
analysis (www.ncbi.nlm.nih.gov). The nucleotide sequences thus
obtained were aligned by the Clustal W method using MEGA 6.05
software (Tamura et al., 2013). The TARV and TERV sequences of
this study were compared with ARV sequences of different
segments available in GenBank. The evolutionary distances were
computed using the p-distance method and phylogenetic trees of
aligned sequences were constructed using Maximum Likelihood
method with 2000 bootstrap replicate values. The best Maximum
Likelihood model for analysis of DNA and protein sequences of
each segment was selected on the basis of the lowest BIC score
(Bayesian Information Criterion) in MEGA 6.05. We used GTR
(General Time Reversible)þG (Gamma distribution with 5 rate
categories)þ I (Evolutionary Invariable sites) and Hasegawa–
Kishino–Yano (HKY)þG models for analysis of S1 and S4, respec-
tively, and Kimura 2-Parameter (K2)þG model for analysis of S2
and S3 sequences. The amino acid histogram was constructed
using Geneious Pro (Drummond et al., 2011). Chicken arthritis
reovirus strain S1133 was used as a reference strain throughout
this study. The term Lineage is used for differentiation of genetic
linkages of S class genes and is deﬁned as a cluster of genetically
related viruses with less than 10% nucleotide divergence. However,
direct epidemiological linkage was considered if there was less
than 2% nucleotide divergence between strains (Liu et al., 2003). In
this study, TARVs and TERVs within a lineage were further divided
into groups based on more than 2% nt divergence for better
understanding of relationship within TARVs and between TARVs
and TERVs.
GenBank accession numbers
All 12 TARV sequences were submitted to GenBank with
accession numbers KF87231–KF87242 for S1 gene sequences while
S2, S3 and S4 genes sequences had accession numbers KF87243–
KF87254, KF87255–KF87266, KF87267–KF87278, respectively.
TERV-MN1 sequences were also submitted with accession numbers
KJ700478, KJ700479, KJ700480 and KJ700481 for S1, S2, S3 and S4
gene, respectively.
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